The mechanism of clinical action for the FDA approved hypomethylating drugs azacitidine and decitabine remains unresolved and in this context the potential immunomodulatory effect of these agents on leukemic cells is an area of active investigation. Induced expression of methylated Cancer Testis Antigen (CTA) genes has been demonstrated in leukemic cell lines following exposure to hypomethylating drugs in vitro. SGI-110 is a novel hypomethylating dinucleotide with prolonged in vivo exposure and clinical activity in patients with MDS and AML. We demonstrate that this agent, like decitabine, produces robust re-expression of the CTAs NY-ESO-1 and MAGE-A, both in vitro and in leukemia-bearing AML xenografts. Upregulation of these genes in vitro was sufficient to induce cytotoxicity by HLA-compatible CD8+ T-cells specific for NY-ESO-1, a well-recognized and immunogenic CTA. Additionally, exposure to SGI-110 enhances MHC class I and co-stimulatory molecule expression, potentially contributing to recognition of CTAs. SGI-110, like the parent compound decitabine, induces expression of CTAs and might modulate immune recognition of myeloid malignancy.
Introduction
The currently available hypomethylating agents (HMAs), Decitabine (DAC) and Azacitidine (AZA) have changed the face of myelodysplastic syndrome (MDS) therapy, inducing hematological responses and improving quality of life for patients (1) . Unfortunately, although these drugs provide significant benefit, responses are of limited duration and once a patient has failed an HMA, survival is dismal (2) (3) (4) (5) . HMAs may exert their effect through hypomethylation and induction of silenced tumor suppressor genes; however, when patients develop resistance to these drugs their hypomethylating effects are not lost (6) . In addition to DNA hypomethylation, both drugs have also been shown to induce DNA damage as a result of double strand DNA breaks resulting from the bulky adducts formed when DNMTs become trapped on azanucleoside-substituted DNA (7) (8) (9) (10) . Despite clear demonstration of both events (i.e. tumor suppressor gene activation and DNA damage), neither mechanism has been reliably predictive of clinical response (7, 11 ). An additional less-examined potential mechanism of action for these drugs is the induction or alteration of autologous immune responses against induced neo-antigens (12) (13) (14) . Numerous reports of correlation between auto-immunity and response to therapy with hypomethylating drugs in patients with MDS have been made, suggesting that the immune system may be aberrantly activated (15) (16) (17) . Furthermore, patients with evidence of MDS and co-existing autoimmune phenomena demonstrate a more indolent clinical course (17) .
We and others have shown both in vitro and in patients treated with the drugs AZA and DAC that among the genes induced by hypomethylation following HMA exposure are the Cancer Testis, (or Cancer Germline) antigens (CTAs) (18) (19) (20) . CTAs are genes whose normal expression is limited to the adult testis and fetal ovary, although they can also be aberrantly expressed in cancer (21) . Among the most studied CTAs are NY-ESO-1 and the MAGE-A gene family. Both NY-ESO-1 and MAGE-A proteins are intensely immunogenic; in solid tumors, their endogenous expression is associated with autologous anti-tumor immune responses as well as delayed tumor progression (22) (23) (24) . In normal tissues, and in cancer cells that do not express them, CTAs demonstrate dense promoter methylation, associated with gene silencing (25) . Cancer vaccine strategies targeting these genes are in active clinical development in phase I-III clinical trials, however a majority of these are limited to cancers where endogenous gene expression is common, such as lung cancer, melanoma and ovarian cancer (26) . By contrast with solid tumors, hematological malignancies rarely if ever endogenously express NY-ESO-1 or MAGE-A, but recent efforts have demonstrated that expression of these genes is induced in AML blasts at conventional doses and schedules of the FDA approved hypomethylating agents, albeit at low level (12, 18, 27) .
Further emphasizing the potential role of immune recognition in response to HMA treatment, a recent clinical study which enrolled 21 patients with MDS or Acute Myeloid Leukemia (AML) to receive combination therapy with AZA and valproic acid (a histone deacetylase inhibitor, HDACi), reported that of 15 patients with samples suitable for analysis, 11 demonstrated induction of MAGE-A specific CD8+ cytotoxic T cells (CTLs) (12) . Most notably, 8 of the 11 patients with circulating CTLs achieved a major clinical response to HMA therapy suggesting that induction of CTL responses may play a role in the clinical outcome of patients treated with such drugs.
Efforts to improve the pharmacokinetics and clinical efficacy of HMA therapy have led to the development of SGI-110. SGI-110 is a rationally designed HMA which complexes DAC with deoxyguanosine, thereby producing a relative resistance to degradation by cytidine deaminase and providing a longer in vivo half-life in comparison with the parent compound (28) . Due to differences in molecular weight, the molar equivalent of a 1mg dose of DAC is approximately 2.5 mg of SGI-110 (29) . Recently, SGI-110 has been tested in phase I and II clinical trials of relapsed/refractory MDS and AML patients and has been demonstrated to result in longer exposure to active DAC as well as significant clinical responses, even in patients who had previously failed a first generation HMA (30) .
In this study we examine the ability of SGI-110, relative to the conventional HMAs DAC and AZA, to induce hypomethylation and gene expression of the recognized immunotherapy targets NY-ESO-1 and the MAGE-A family in a variety of leukemia cell lines both in vitro and as tumor xenografts. We examined several different doses and schedules of SGI-110 in order to optimize the biological effects of this novel HMA to induce hypomethylation and gene expression. We demonstrate that SGI-110 induces the expression of both NY-ESO-1 and MAGE-A family genes in vitro and in vivo. We further show that such re-expression is sufficient to induce cytotoxicity in HLA compatible, NY-ESO-1 specific CD8+ T cell lines derived from ovarian cancer patients whose cancers spontaneously express NY-ESO-1 and who have been vaccinated with an NY-ESO-1 vaccine (31, 32) . Additionally, we show that SGI-110 induces the expression of MHC class I and ICAM1 on the surface of leukemia cells, potentially contributing to their enhanced recognition by cytotoxic T-cells. Similar results have been previously reported in solid tumor cell lines, but this is among the first demonstration of such activity leukemia cells treated with SGI-110 (33) (34) (35) . Evaluation of several different doses and schedules, in association with the demonstration of enhanced presentation of MHC class I and ICAM1, an important co-stimulatory molecule, provides insight into the duration of induced gene expression and will help to inform future combination strategies with CTA directed vaccination in leukemia.
Materials and Methods

Cell lines and in vitro drug treatments
HL60 and KG1a were propagated in Iscove's Modified Dulbecco's Medium supplemented with 20% Fetal Bovine Serum (FBS) and 1% Penicillin-Streptomycin (P/S); U937 was propagated in RPMI 1640, 10% FBS, 1% P/S. SGI-110 was provided under a research agreement with Astex Pharmaceuticals, Inc. (Dublin, CA). AZA and DAC were obtained from Sigma. Cell lines were treated with SGI-110 at concentration 0.1, 1.0 and 5 μmol/L (dissolved in PBS) on day 1 and day 3, and harvested on day 5. As controls, cells were treated with vehicle alone (PBS), 0.5 μmol/L DAC, and 2.0 μmol/L AZA using the same treatment schedule as SGI-110. Cell viability was measured using trypan blue exclusion (Supplemental Fig 1) .
Xenograft experiments
10 million U937 cells were implanted subcutaneously into 6 week old female SCID mice using an IACUC-approved protocol. After ~2-3 weeks, when macroscopic tumors (~50mm 3 ) formed, mice were assigned to groups for treatments (5 mice/group): Groups 1-5 were dosed daily for 5 days with vehicle (65% propylene glycol, 25% glycerol, 10% ethanol), SGI-110 3, 6.1 or 10 mg/kg/day, or DAC 2.5 mg/kg/day. Groups 6-10 were treated weekly for three weeks with vehicle, SGI-110 6.1, 12.2 or 24.4 mg/kg/day, or DAC 5.0 mg/kg/day. Groups 11-15 were treated twice weekly for three weeks, receiving vehicle, SGI-110 6.1, 12.2 or 24.4 mg/kg/day, or DAC 2.5mg/kg/day. All groups 1 to 15 were exposed to vehicle, SGI-110 or DAC subcutaneously. Tumors were excised for molecular analysis day 7 after treatment for Groups 1-5, and day 20 for Groups 6-15. For group 11-15 the time of harvest was variable due to toxicity of SGI-110 at doses of 12.2 and 24.4 mg/kg/ day. For these samples, tissues were collected earlier than the planned endpoint. Mice were monitored daily for toxicity related to drug treatment; changes in activity, coat condition and weight loss were monitored. At the time of sacrifice or death, mice underwent necropsy and visible organ damage was noted and reported (Table 1) .
Quantitative Bisulfite-Pyrosequencing and Methylation-Specific PCR (MSP)
The Puregene kit (Qiagen) was used to isolate genomic DNA and sodium bisulfite conversion performed using the EZ DNA Methylation Kit (Zymo Research). Methylation of the NY-ESO-1 promoter and the LINE-1 repetitive elements were determined by sodium bisulfite pyrosequencing (25) . Primer sequences are shown in Supplemental Table 1 . MSP was performed to evaluate MAGE-A3/6 promoter methylation (36) . Primers were designed using MethPrimer, and listed in Supplemental Table 2 (37). Unmethylated and methylated PCR products were amplified with initial denaturation at 95°C for 5 min, then 35 cycles of denaturation at 95°C for 30 s, annealing at 60°C for 30 s and extension at 72°C for 60 s, followed by a final 5 min extension at 72°C. PCR products were analyzed on 2% agarose gel by ethidium bromide staining. Using ImageJ software, densitometry was performed and %methylation calculated using the formula-(MP/(UP+MP)*100) where MP is density of methylated PCR product and UP is density of Unmethylated PCR product
Quantitative Reverse Transcriptase PCR (qRT-PCR)
Total RNA was purified using Trizol (Invitrogen) and cDNA made using iScript cDNA synthesis kit (Bio-Rad). Absolute quantification of RNA was performed using PCR Master Mix for SYBR Green assays (Eurogentech) on the 7300 Real-Time PCR System (Applied Biosciences). All samples were run in triplicate, and NY-ESO-1 and MAGE-A3/6 gene expression data were normalized to 18S rRNA. Sequences for primers used are listed in Supplemental 
Western blot analysis
Whole protein was extracted from cell lines and/or tissue samples (38) and quantitated. 30-50 μg of protein was loaded onto a NuPAGE® Novex® 4-12% Bis-Tris gel (Invitrogen) and transferred to a nitrocellulose membrane (Invitrogen). 5% blotting grade blocker (Bio-Rad) in phosphate-buffered saline was used to block nonspecific binding. Membranes were incubated overnight at 4°C with NY-ESO-1 (Invitrogen-cat no. 35-6200) or MAGE-A antibodies (Invitrogen-cat no. 35-6300) at 1:200, then incubated with secondary antibody at 1:3000 dilution for 1h. β-actin antibody (MP Biomedicals-cat no-691001) at 1:10,000 dilution was used as a loading control. Proteins were visualized using an enhanced chemiluminescence detection kit (GE Healthcare).
NY-ESO-1-specific CD8 T cell recognition
NY-ESO-1-specific HLA-B35-restricted CD8+ T cells were prepared (31, 39) and cocultured with HLA-B35 + KG1a cells pretreated with AZA, DAC, or varying doses of SGI-110 as described above for 6 hours at 37C in the presence of anti-CD107a (clone H4A3) and CD107b (clone H4B4). Monensin and brefeldin A were added during the last 4 hours incubation to block cytokine secretion (31) . Cells were fixed with 2% formaldehyde, followed by staining with IFN-γ (clone B27), TNF-α (clone MAb11) and granzyme B (clone GB11) in the presence of normal mouse IgG and permeabilization buffer (InvitrogenCaltag). Negative and positive control stimulations with and without peptide (NY-ESO-1 94-102 ) or phorbol myristate acetate and ionomycin were set up in parallel.
Flow cytometry
Cells were harvested and stained with anti-human HLA-ABC (clone W6/32) or anti-human CD54, alternatively known as ICAM1 (clone HA58) antibodies (eBioscience). Live, single cells were identified by forward and side scatter. Changes in the expression of HLA-ABC and ICAM1 following HMA treatment were determined by calculating the log 2 ratio of median fluorescence intensity (MFI) of HMA versus vehicle control treated cell populations (40) .
Statistical analysis
Statistical analysis was performed by analysis of variance using GraphPad Prism. Differences between the two groups were analyzed using the t test. All data are presented as mean ± standard error of the mean.
Results
SGI-110 treatment induces DNA hypomethylation and CTA expression in leukemic cell lines in vitro
To evaluate the effect of SGI-110 treatment relative to the FDA approved HMAs on CTA methylation, HL60, U937, and KG1a leukemic cell lines were treated with 0.1, 1.0 and 5 μM SGI-110 and harvested on day 5. LINE1 was used as a surrogate marker for global DNA methylation (41) . SGI-110 treatment resulted in significant reductions of LINE-1 and NY-ESO-1 promoter methylation in HL60, U937 and KG1a cells, as determined by quantitative bisulfite pyrosequencing (Fig 1A) . As it was not feasible to perform pyrosequencing assays for the MAGE-A3/6 promoter (data not shown), we used MSP to analyze methylation of this locus. As expected, MAGE-A3/6 was also hypomethylated following SGI-110 treatment in all cell lines ( Figure 1A and Supplemental Fig 2A) . AZA and DAC treatment also resulted in hypomethylation of these regions ( Fig 1A and Supplemental Fig 2A) . To determine whether SGI-110 induced hypomethylation resulted in gene expression, we assessed mRNA and protein expression of NY-ESO-1 and MAGE-A. All cell lines demonstrated significant increases in NY-ESO-1 and MAGE-A3/6 mRNA following SGI-110 treatment, and this expression was at least as prominent as that observed following treatment with AZA or DAC (Fig 1B-C) . Importantly, all cell lines also showed marked induction of NY-ESO-1 and MAGE-A proteins following SGI-110 exposure particularly at the 1uM dose level (Fig 1D) . Low level baseline MAGE-A expression was apparent in KG1a cells (Fig 1D) .
SGI-110 treatment induces DNA hypomethylation and CTA expression in U937 xenografts
The following in vivo experiments were designed to re-capitulate the doses and schedules being tested in a currently enrolling phase I/II clinical trial of SGI-110 in patients with MDS and AML (NCT01261312). Given the longer in vivo half-life of SGI-110 relative to DAC we hypothesized that more distributed dosing schedules (weekly or twice weekly, rather than the 5-day continuous schedule currently the standard of care clinically), might be a feasible approach to modulate CTA genes.
Daily x 5d Treatment Schedule
Tumor-bearing immune-deficient mice were treated with a series of clinically relevant dosing schedules of SGI-110 or DAC (using the schedules currently in phase I/II testing for MDS or AML, see Materials and Methods). We did not include AZA treatment as AZA was less potent in vitro as compared to SGI-110 or DAC (Fig 1) . We evaluated the effect of SGI-110 and DAC treatment on LINE-1, NY-ESO-1, and MAGE-A3/6 promoter methylation in excised U937 tumors as described above. Treatment groups 1 to 5 were exposed subcutaneously to SGI-110 at doses of 3, 6.1, or 10 mg/kg, or DAC at 2.5 mg/kg, daily for 5 days, with tumors harvested on day 7. Most mice (4/5) treated on the 5 day schedule with 10mg/kg/d SGI-110 died; all mice treated with 6.1mg/kg/day SGI-110 developed gastrointestinal toxicity (Table 1 ). In contrast, minimal toxicity was observed in mice treated with 3mg/kg/day SGI-110. SGI-110 treatment caused hypomethylation of LINE-1 and NY-ESO-1 at all doses (Fig 2A) . MAGE-A3/6 hypomethylation was observed following SGI-110 (Fig 2A and Supplemental Fig 2B) . Consistent with the observed hypomethylation, tumors excised on day 7 demonstrated a variable degree of NY-ESO-1 or MAGE-A3/6 mRNA expression (Fig 2B) , along with robust CTA protein expression ( Fig   2C) .
Weekly x 3 Treatments Schedule
In treatment groups 6 to 10, mice received SGI-110 at 6.1, 12.2, or 24.4 mg/kg, or DAC at 5 mg/kg, once a week for 3 weeks. SGI-110 treatment resulted in significant LINE-1 and NY-ESO-1 hypomethylation on day 20 post-treatment. SGI-110 at the highest dose, 24.4 mg/kg, led to the greatest hypomethylation, and was not associated with overt toxicity in treated mice ( Fig 3A, Table 1 ). Using MSP we evaluated MAGE-A3/6 promoter methylation and observed hypomethylation on day 20 ( Fig 3A and Supplemental Fig 2C) . Both DAC and SGI-110 treatments resulted in a significant increase in NY-ESO-1 mRNA expression; however MAGE-A3/6 mRNA expression was not consistently increased ( Fig 3B) . Similarly, NY-ESO-1 protein expression was enhanced (Fig 3C) , but no changes in MAGE-A protein expression were consistently observed (Fig 3C) .
Twice Weekly x 3 Treatment Schedule
Mice in groups 11 to 15 received SGI-110 at doses of 6.1, 12.2, 24.4 mg/kg, or DAC at 2.5 mg/kg, twice per week for 3 weeks. Mice treated at the highest SGI-110 dose, 24.4mg/kg demonstrated significant mortality ( Table 1 ). The 12.2 mg/kg dose was also excessively toxic with most mice demonstrating morbidity. All doses of SGI-110 elicited LINE-1 and NY-ESO-1 promoter hypomethylation (Fig 4A) . SGI-110 at the 6.1 mg/kg dose resulted in greater hypomethylation than did DAC at 2.5mg/kg (near molar equivalent doses with respect to relative DAC content) (Fig 4A) . Similarly MAGE-A3/6 hypomethylation was observed with SGI-110 treatment (Supplemental Fig 2D) . As expected, NY-ESO-1 expression was enhanced with SGI-110 treatment (Fig 4B) . In contrast, MAGE-A3/6 expression was not induced (Fig 4B) . The 6.1mg/kg SGI-110 dose resulted in a significant increase in NY-ESO-1 as compared to DAC. NY-ESO-1 protein expression was induced by all doses of SGI-110, and to a limited extent with DAC ( Fig 4C) . No consistent induction of MAGE-A protein expression was observed with this treatment schedule (Fig 4C) .
Taken together these data suggest that the daily x 5 schedule of SGI-110 results in the consistently robust hypomethylation and induction of CTA genes in leukemia xenografts.
SGI-110 treatment promotes NY-ESO-1-specific CD8+ T cell recognition of leukemic cells
To (Fig 5A) . We also observed increases in the expression of IFN-γ, TNFα, and Granzyme B in T-cells co-cultured with SGI-110 treated KG1a cells compared to T-cells co-cultured with vehicle control treated KG1a cells ( Figure 5B-E) . Induction of these molecules is strongly associated with a cytotoxic T-cell response (43) . No change in the expression of IL-2 was seen with any of the drugs tested (data not shown). These data suggest that SGI-110 enhances NY-ESO-1 antigen specific T-cell recognition of HLA compatible tumor cells.
SGI-110 treatment enhances cell surface expression of MHC class I and ICAM1 in leukemic cells
To determine whether SGI-110 treatment enhanced expression of additional machinery important for T-cell recognition of KG1a cells, we tested the relative expression of MHC class I and the co-stimulatory molecule ICAM1 following HMA exposure in vitro by flow cytometry. SGI-110 and DAC upregulated the expression of HLA-ABC, while the effect of AZA was much less substantial ( Figures 6A, 6C) . Treatment with all the tested HMAs resulted in a significant increase in the expression of ICAM1 ( Figure 6B ). Thus, in addition to upregulation of antigen expression, HMA treatment enhances expression of MHC class I and ICAM1, potentially contributing to the observed enhancement in immune recognition by HLA-compatible T-cells.
Discussion
Here we demonstrate the activity of SGI-110 to induce hypomethylation of CTA promoters and CTA gene expression in leukemia cell lines, and to enhance recognition of cancer cells by HLA compatible antigen specific T-cells. We further observe, as others have demonstrated, that the HMAs tested enhance the expression of MHC class I and the costimulatory molecule ICAM1 (44) . These data show that SGI-110, like the parent compound DAC, can induce the expression of CTAs including MAGE-A and NY-ESO-1 at both the mRNA and protein levels. Re-expression of these genes is sufficient to trigger a cytotoxic Tcell response in HLA compatible, gene specific T-cell clones isolated from an NY-ESO-1 vaccinated ovarian cancer patient with an endogenously NY-ESO-1 expressing cancer (31) . Expression of ICAM1 and HLA class I are enhanced by exposure to HMAs, likely through enhanced expression of transcription factors (45, 46) . This study is the first to report such results using SGI-110 in leukemic cell lines and demonstrates that the drug is at least as potent as DAC at inducing these genes in a mouse model designed to re-capitulate treatment schedules of the currently enrolling clinical study in MDS and AML patients. These data support the hypothesis that SGI-110, like DAC, induces expression of CTA genes and that this induced expression is sufficient to activate HLA compatible cytotoxic T-cells.
DAC generated by the cleavage of subcutaneously administered SGI-110, benefits from a lower peak plasma concentration (limiting toxicity), in association with a longer plasma half-life when compared to DAC administered as an IV infusion. Both of these alterations provide a theoretical advantage over IV administration of DAC in enhancing the potential for more slowly dividing cells to incorporate the modified base, and thereby to improve hypomethylation. These differences may be particularly important for hypomethylation of methylated loci, such as those surrounding the CTA gene promoters. Our data demonstrate that at near-equivalent molar doses, SGI-110 is at least equivalent to Dac in inducing CTA and co-stimulatory molecule gene expression. It is also important to note that the level of cytidine deaminase in mice is significantly higher than that seen in primates and humans, and therefore the seeming equivalence in terms of gene expression observed between DAC and SGI-110 in mice may be more dramatic in humans (47) .
It is notable that MAGE-A family members have significant homology in terms of protein sequence. In our mouse experiments we sometimes observed discordance between protein and mRNA expression. We suspect that this apparent discordance is reflective of the relative specificity of the MAGE-A3/6 primers when compared with the antibody (ie, the mRNA primers are specific for MAGE-A3/6 while the antibody detects many different members of the MAGE-A family (48) . We further recognize that MAGE-A family members have variable baseline expression in leukemia cells. Some groups have demonstrated spontaneous expression of these genes (49, 50) while others have reported no expression (51). Chambost et al. reported that MAGE-A family members were not expressed in primary leukemia patient samples, but did note variable expression in leukemia cell lines (52) . In our study, we demonstrate MAGE-A3/6 mRNA expression in all the tested leukemia cell lines. Furthermore, in our excised tumor xenografts we saw enhanced expression of MAGE-A3/6, particularly in tumors harvested at later time points (G1 to 5 at day 7 were less impressive than G6 to15 which were harvested on day 20). Our data support the previous reports of baseline expression of MAGE-A family members in the AML cell lines tested; expression appears to have been augmented by culture in the xenograft setting.
The role of the induced anti-tumor immunity in the observed responses to HMAs remains an area of active investigation, but emerging data support the suggestion that this may be an important and under-recognized aspect of their mechanism of action (32, 35, (53) (54) (55) . Based upon this and other data supporting the hypothesis that NY-ESO-1 induced gene expression is sufficient to trigger T-cell cytotoxicity, a phase I study examining a combination of NY-ESO-1 protein vaccination in combination with conventional dose DAC is ongoing at our institution in patients with MDS and low blast count AML (NCT01834248).
From a clinical perspective, SGI-110 can be given subcutaneously and appears to be clinically active, thus a potential for combination therapy with SGI-110 and CTA vaccination would be relatively straightforward and provide patients with a completely subcutaneous regimen, free from the need for daily IV delivery. Furthermore, in patients for whom transplant is not an option, an immunotherapeutic strategy offers the potential for autologous anti-tumor immunity in the absence of systemic toxicity from graft versus host disease. Better understanding of the impact of these agents, both on the malignant clone, as well as on the immune cells themselves are necessary in order to improve our approach to patients with MDS associated malignancy. Such insights may allow us to offer our patients, many of whom are outside the age acceptable for transplant, hope for a curative strategy.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. 
